Abstract A flexible polycarboxyl ligand of tetrahydrofuran-2,3,4,5-tetracarboxylic acid (H 4 THFTCA) and a common rigid aromatic ligand of 1,10-phenanthroline (phen) have been successfully co-assembled with Cu(NO 3 ) 2 Á3H 2 O to give out a novel 3D supramolecular metal-organic framework ( .7) topological network. Interestingly, the layers are fused each other via strong p-p stacking interactions among adjacent ligands of the terminal phen, so that a 3D supramolecular MOF with 1D rhomboidal tunnels array is formed. The thermogravimetric analysis and corresponding powder X-ray diffraction analysis have revealed that the tunnels structure of 1 could be retained after all guest molecules are removed, and the framework could resist the collapse even heating up to 210°C. An opinion has also been proposed that the larger accessible volume of the guests means the larger stress on the backbone of the MOF after the guests are removed, and the stress is harmful to the stability of the supramolecular porous structure. Finally, the application properties based on the porous structure have also been primarily evaluated.
Introduction
Crystal engineering of metal complexes, especially coordination polymers with open-framework structures have received more and more attention in the past decades [1] [2] [3] [4] [5] [6] [7] . The rapid development of this area gets benefit from its advantages in syntheses, structures, and applications, such as: (a) the huge variety of readily available organic groups that can serve as linkers, (b) the large number of main-, d transition-, and f block metals with diverse coordination polyhedra that can act as metal centers, (c) the easy synthetic process, usually a solution reaction under room temperature or heating a mixture of metal salts and organic ligands in an appropriate solvent, (d) their fascinating structural diversities and elegant framework topologies, and (e) the significant applications in gas storage, ion exchange, catalysis, sensors, magnetism, and photoluminescence exhibited by such compounds [8] [9] [10] [11] [12] [13] . In this area, rigid bridging ligands have been extensively employed to construct open-framework structures, including aromatic polycarboxyl ligands and multipyridyl ligands [14] [15] [16] [17] [18] . In contrast, the research about flexible multifunctional ligands is still few, though it has been of increasing interest recently [19] [20] [21] [22] [23] [24] [25] . It should be attributed to some obvious differences that the facility of rational design and achieving approving single-crystal as well as the predictability of achieved structures is still only suitable for the rigid ligands but not for the flexible ligands. In fact, the difficulty of crystallization is the main obstacle for the explorations of the flexible ligands system because of their flexible backbone and the changeable conformation. However, opportunities are also following these flexibilities, people could utilize the versatile bridging modes of ligands to construct varied novel structures.
Over the past decades, intense experimental and theoretical works have focused on supramolecular structures for their significance in biological systems and material science [26] [27] [28] [29] [30] [31] . Among them, the supramolecular MOF structures are a pretty system due to their flexible conformations as a promising material for molecular recognitions and sensors [32] [33] [34] . If flexible ligands are employed for constructing the supramolecular MOFs, the changeability of their conformations should be in favor of the recognizing ability. And their rational syntheses, profiting from the broad progress in supramolecular systems, may be more accessible. For achieving a predictable supramolecular system, some synthetic strategies of employing noncovalent interactions have also been investigated amply, such as p-p stacking interaction, hydrogen bonding, and so on. [35] [36] [37] [38] .
On the basis of these points, we chose tetrahydrofuran-2,3,4,5-tetracarboxylate (THFTCA) as a polycarboxyl flexible ligand to bridge Cu(II) centers, rigid aromatic 1,10-phenanthroline (phen) as a appending ligand to hinder the polymerization of the two former components and induce the formation of a supramolecular porous structure by p-p stacking interaction. To the best of our knowledge, only rare examples as such supramolecular porous structures have been reported [39] [40] [41] [42] . Previously, compound {[Cu 2 (THFTCA)(-phen)]ÁH 2 O} n (2) has constructed from Cu(II), THFTCA and phen using solvothermal method [42] , but the cavity of its supramolecular structure is very small. Here, we report the successful synthesis adopting a soft chemistry process and the crystal structure of a novel tunnel-contained supramolecular MOF compound, [Cu 2 (THFTCA)(phen)(H 2 O) 2 ÁCH 3 CH 2 OHÁ 3H 2 O] n (1). The synthesis, supramolecular structure and solvent-accessible tunnel structure have also been discussed with compound 2. Its thermal stability of the supramolecular framework has also been studies by the thermogravimetric analysis (TGA) and powder X-ray diffraction (PXRD) analysis. And its application properties based on the porous structure have also been primarily evaluated.
Experimental

Materials and Measurements
All reagents used were of analytical grade from commercial sources and used without further purification. All experiments were carried out in ambient atmosphere. Elemental analysis for C, H, N and O were performed on an Elementar Vario MICRO analytic instrument. FT-IR (Fourier Transform Infrared) spectra were obtained with a Bruker T27 FT-IR spectrometer using KBr pellets in the 4,000-400 cm -1 range. The UV-Vis absorption spectrum measurement was performed on pure polycrystalline sample with a TU1901 Instrument by Purkinje General Instrument Corporation. PXRD data were measured on a Thermo ARL X-Ray diffractometer with Cu Ka radiation (k = 1.5418 Å ). A Pyris Diamond TG Thermal Analyzer was used to record the TG curve in a static high purity nitrogen atmosphere with a heating rate of 20°C min -1 . The test of the adsorption property carried out on an ASAP2010 Chemi equipment of Micromeritics corp., and the BET surface area was measured by the Langmuir method.
Preparation of [Cu
A 12 mL alcohol solution of phen (300 mg, 1.5 mmol) was added into a 25 mL aqua solution of H 4 THFTCA (390 mg, 1.5 mmol) and NaOH (246 mg, 6 mmol), and stirred for several minutes to mix them enough. 
Single crystals suitable for X-ray analysis were obtained via a slowly diffuse reaction of a phen solution in ethanol and a H 4 THFTCA, NaOH, and Cu(NO 3 ) 2 Á3H 2 O solution in water.
X-Ray Crystal Structure Determination
X-ray intensity data for 1 were collected on a blue needle crystal (0.48 mm 9 0.08 mm 9 0.04 mm) at 293(2) K on a Rigaku RAXIS-RAPID CCD area detector diffractometer using graphite monochromated Mo Ka radiation (k = 0.71075 Å ). The structure was solved using direct methods and refined by full-matrix least-squares techniques. All non-hydrogen atoms were assigned anisotropic displacement parameters in the refinement. All hydrogen atoms were added at calculated positions and refined using a riding model, except that ten hydrogen atoms of water were not solved. Due to the presence of heavy atom Cu in the structure, those hydrogen atoms pertaining to the hydration water O10, O11, O13, O14, O15 could not be found in the difference Fourier map and were not included in the model. Also due to the large solvent-accessible volume, guests would have something like liquid state presenting large disorder. Therefore some geometric and thermal displacement parameters of guests' atoms are deviated a little far from the ideal values. The structure was refined on F 2 using SHELXTL-97 software package [43, 44] without any unusual events. Some refinement details and crystal data of 1 are gathered in Table 1 . Selected bond lengths and bond angles of 1 are listed in Table 2 .
Results and Discussion
Crystal Structure
X-ray crystallographic analysis reveals that the asymmetric unit of 1 contains one whole THFTCA ligand, two copper ions, a phen ligand, five H 2 O and one EtOH molecules. There are two types of copper ions, Cu1 and Cu2 in compound 1 (Fig. 1) . The Cu1 adopts an octahedral coordinated fashion while Cu2 adopts a square-pyramidal coordination geometry. In the octahedron of Cu1, the 6 coordinated O atoms come from tetrahydrofurfuryl backbone (O1) and two carboxyl groups (O2, O9) of a THFTCA ligand, a carboxyl group (O4A, symmetry code A: x-1/2, -y ? 1/2, z-1/2) from an adjacent THFTCA ligand, and other two coordinated water molecules (O10, O11). The bond lengths of Cu1-O are in the range of 1.913(2) and 2.421(2) Å . In the square pyramid of Cu2, the Cu2 is chelated by two N atoms of phen, and the remaining other three coordinate points are completed by three carboxylate O atoms (O8, O6A, O3B, symmetry code B: x-1, y, z) from three different THFTCA ligands. The base of the square pyramid consist of two N atoms and two O atoms (O6A, O3B), and the distance from Cu2 to the base is 0.1127(10) Å . The bond lengths of Cu2-O are in the range of 1.929(2) and 2.312(2) Å , and Cu2-N range from 2.008(2) to 2.016(2) Å . The THFTCA ligand retains its original (2S, 3S, 4R, 5R)-configuration and bridges five Cu(II) ions in a l 5 -(g-O1, O2, O9), O3, O4, O6, O8 coordination mode with O5 and O7 uncoordinated (Scheme 1). Therefore the 7-coordinated THFTCAs fuse Cu(II) ions into a 2D metal-organic layer by this connection fashion (Fig. 2) . Furthermore, the appended ligands phen coordinated to Cu2 firmly combine all layers into a final 3D tunnel-contained supramolecular MOF structure through p-p stacking interactions (distance as 3.547 Å , angle as zero). The supramolecular tunnels are unique rhomboidal (size about 3.5 9 7.2 Å ) and parallel each other along the a-axis (Fig. 3) . As estimated by the program PLATON [45, 46] , the solvent-accessible tunnel volume is calculated to be 25.8 %, which is 660.8 Å 3 per unit cell. And the guest molecules of H 2 O and EtOH just reside in the tunnels (Fig. 4) .
According to the above analysis, Cu1 connects to two THFTCA ligands, Cu2 connects to three THFTCA, and each THFTCA ligand links two Cu1 and three Cu2 (see Fig. 2a ). And as a topological point of view, the Cu1 centers could be regarded as linkages, the Cu2 centers as 3-connected nodes, and the THFTCA ligands as 5-connected nodes, respectively. Consequently, the abovementioned metal-organic layer can be simplified into a (3,5)-connected network (Fig. 5) . Here, the long Schläfli symbol for Cu2 nodes is 3.5.5, and for THFTCA nodes is 3.3.5.5.5.6.6.6.6.7 2 . Because the ratio of Cu2 and THFTCA 
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Index ranges of measured data is 1:1, the short symbol for this network becomes (3.5 2 )(3 2 .5 3 .6 4 .7). In consideration of the similarity of their composition and supramolecular MOF structures, compound 2 should be mentioned and contrasted with 1 [42] . The asymmetric units of two compounds are both composed of two Cu(II) ions, one THFTCA ligand and a phen ligand. But the later has a dinuclear copper unit fused by bridging carboxylates, and have two types of 3-connected Cu(II) nodes combined with 6-connected THFTCA nodes to present a (3,6)-connected topological network. Why do the same reactants produce two different structures? By contrasting the reported hydrothermal reaction to the solution reaction in our research, the diversity in structures should be induced by the difference of the reaction temperature and pressure. It means that the higher temperature and pressure condition preferably produce the higher polymeric and the higher connected networks, and meanwhile the lower porosity (25.8 % for 1 and 9.2 % for 2). In practice, we really could not obtain compound 1 through a solvothermal/hydrothermal synthesis route with the same reactants.
UV-Vis Absorption Spectroscopy
The UV-Vis absorption spectrum of compound 1 is shown in Fig. 6 . The absorption spectrum of 1 displays two different bands in the spectral range of 220-900 nm; a high energy transition observed at 250-350 nm is steep and strong, and the lowest energy transition observed at Symmetry transformations used to generate equivalent atoms; #1 x -1/2, -y ? 1/2, z -1/2; #2 x -1, y, z 600-800 nm is broad and weak. The high energy transition in the UV range should be assigned as the p-p* transition of the phen ligand. The lowest energy transition in the visible range should be assigned as the d-d transition of Cu(II) ions or to some ligand to metal charge transition, and this band accounts for a blue color of the compound.
Thermogravimetric Analysis and the Supramolecular Framework's Thermal Stability
For investigating the thermal stability of compound 1, the TGA, and corresponding PXRD with different heat treatment have been carried out on the as-synthesized powder samples. As shown in Fig. 7 , a continuous weight loss about 14.9 % occurs in the TG curve between about 60 and 120°C. The weight loss matches well with the escape of all guest molecules (calcd. is 14.6 %). The forepart corresponds to the loss of EtOH, and the subsequent corresponds to the loss of all water. But in the process of losing EtOH and all water between 60 and 120°C, the two steps are interwoven each other so that there is no obvious division between them. According to the details of the TGA, three PXRD patterns have been recorded on three samples which had been heated at 85, 105 or 210°C and then cooled to room temperature before testing. Similar to the as-synthesized bulk sample, in the PXRD patterns, all diffraction peaks of the abovementioned former two samples match well with the simulated data calculated from the single-crystal data (Fig. 8) . Obviously, the supramolecular MOF structure is strictly retained since all EtOH and part of the H 2 O molecules are removed. In the PXRD pattern of the last abovementioned sample, the profile is also similar to the simulated one except that a tiny shift in 2h of whole peaks present. It is likely that the backbone of the frameworks could also be retained except that some distortion maybe arises from the flexible ligand. To the best of our knowledge, such stable supramolecular frameworks with large tunnels have seldom been found [39] [40] [41] [42] . But its thermal stability is not as good as compound 2 which can maintain its supramolecular structure even until 270°C. It should be due to the much larger solvent-accessible volume of 1 than that of 2. Based on the structure analysis, after removing all gust molecules from the supramolecular frameworks, the porosity of 1 (25.8 %) is nearly three times larger than that of 2 (9.2 %). The larger porosity means the larger stress on the porous structures so that they are easier to be destroyed. That is that the stress on the supramolecular framework should be a key factor that affects the stability of the supramolecular porous structure.
Adsorption Property
According to the above analysis, compound 1 can be transformed to a stable MOF microporous material with well-retained tunnels just using heat treatment method. In view of its large porosity (25.8 %), this material may be used as a good candidate for gas adsorption, storage, catalysis and molecular recognition. Here, a primary test of gas adsorption has been performed on this material by adopting N 2 and H 2 as absorbates. The BET surface area of this material is 28.1914 m 2 g -1 , and the hydrogen-storage capacity is 6.91213 ml g -1 at 50°C. 
Conclusions
In summary, a supramolecular MOF structure with unique rhomboidal tunnels has been successfully obtained from the self-assembly of the flexible THFTCA ligand and the aromatic phen ligand with Cu(II) by means of the synergism of coordinate bonds and supramolecular interactions. In the crystal structure, 5-connected THFTCA bridging Cu(II) ions form a novel (3.5 2 )(3 2 .5 3 .6 4 .7) topological layer, and p-p stacking interactions of phen firmly fuse the layers into a 3D supramolecular structure with large tunnels array. According to the TGA and PXRD analyses, the thermal stability of the supramolecular MOF structure is good, and the tunnels are retained after the guest molecules are all removed. So the obtained microporous material may be used as a candidate for gas adsorption and storage, catalysis and molecular recognition. Further research on its applications is ongoing.
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